Introduction
Diabetes is associated with an early reduction in retinal blood flow (RBF) followed by gradual increase in RBF as diabetic retinopathy progresses (1) (2) (3) . The changes in RBF may contribute to the progression of retinal pathology that ultimately leads to severe, irreversible vision loss. However, the mechanisms underlying this biphasic change in RBF are not well understood.
Prostacyclin-stimulating factor (PSF), a recently identified molecule with NH 2 -terminal amino acid sequence homology with IGFBP-4 (4), was originally purified and cloned from human diploid fibroblast cells (4) . PSF is a 31-kDa acid-labile, anionic, and heparin-binding molecule. The single-copy gene in humans is comprised of five exons and four introns (5) . There are seven Sp1 transcription-factor binding sites within the initial 300 bp of the upstream promoter region.
Numerous tissues, including rat kidney, lung, aorta, brain, liver, skeletal muscle, smooth muscle, fat, and human coronary artery, aorta, vaso vasorum, and fibroblasts express PSF RNA and protein (4) (5) (6) (7) (8) (9) (10) (11) . In streptozotocin-induced diabetic rats, kidney PSF mRNA expression is decreased and less PSF immunohistochemical staining is found in the renal arteries (6, 8) . Similar reductions occur in the diabetic and atherosclerotic human coronary artery (7) . However, no changes in PSF RNA expression or immunohistochemical staining have been observed in the lungs of diabetic animals, and PSF mRNA expression is increased in colon cancer and adenocarcinoma cell lines (12) . The biological significance of these changes is unknown.
The principle known action of PSF is to stimulate prostacyclin (PGI2) production by endothelial cells. PSF concentrations as low as 10 ng/mL stimulate PGI2 in bovine aortic endothelial cells within 30 minutes, with an eightfold increase observed at 25 ng/mL after 1 hour (4) . Although numerous substances including arachidonic acid, phorbol ester (13) , PDGF (14) , Il-1 (15) , TNF (16) , EGF (17) , and TGF-β (18) stimulate PGI2, stimulation of PGI2 production by PSF is thought to be mediated primarily by the arachidonic acid cascade (4) .
Prostacyclin is a vasoactive prostaglandin produced by vascular cells that induce vasodilation in vivo at physiologic concentrations (19, 20) . PGI2 is also reported to increase vascular permeability (21, 22) , promote pericyte relaxation (20) , and mediate nitric oxideinduced (NO-induced) ocular vasorelaxation (19) . Elevated glucose concentrations stimulate PGI2 secretion in human retinal pericytes (RPCs) (23) , and acutely elevated blood glucose increases retinal blood flow (1) . Thus, changes in PSF activity or expression induced by diabetes may alter retinal hemodynamics. Little is known, however, regarding the expression, regulation, or activity of PSF in the retina.
In this study we evaluated retinal expression of PSF in vitro and in vivo and have explored its effects on retinal hemodynamics under normal and diabetic conditions. We observe that PSF is associated with the retinal vasculature in vivo and is expressed by numerous ocular cell types in vitro. PSF increases PGI2 production in retinal endothelial cells, resulting in vasodilation and increased RBF in vivo. Retinal PSF expression is reduced during early diabetes and increased in more advanced diabetes. Furthermore, PSF is tightly regulated by various factors associated with diabetic retinopathy, with decreased expression induced by factors predominating in early retinopathy and increased expression associated with factors involved in advancing retinopathy. These results imply that PSF may serve an important role in the diabetic retina and suggest a mechanism to account for the biphasic RBF abnormalities classically associated with progressing diabetic retinopathy.
Methods
Cell culture. Primary cultures of bovine retinal capillary endothelial cells (RECs), RPCs, retinal pigment epithelial cells (RPEs), aortic endothelial cells (AECs), and smooth muscle cells (SMCs) were isolated from fresh slaughterhouse tissues as described previously (24) . RECs were cultured in endothelial basal medium (CLO-NETICS Corp., San Diego, California, USA) with 10% plasma-derived horse serum (Sigma Chemical Co., St. Louis, Missouri, USA), heparin (50 mg/L), and 50 µg/mL of endothelial cell-growth factor (Roche, Indianapolis, Indiana, USA). RPCs were cultured in DMEM with 20% FBS (HyClone Laboratories, Logan, Utah, USA). RPEs, AECs, and SMCs were cultured in DMEM with 10% calf serum (Life Technologies Inc., Gaithersburg, Maryland, USA). All cells were cultured at 37°C in 5% CO 2 , 95% air, and media were changed every 2-3 days.
Immunohistochemistry. Rat eyes were enucleated and immediately fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for 2 hours. Eyes were gradually dehydrated in ethanol, embedded in paraffin, and 3-µm-thick sections were deparaffinized and incubated for 1 hour in 0.01 M PBS containing 1% dry milk. After incubation overnight with anti-PSF polyclonal Ab (7) at 4°C, sections were washed for 15 minutes with PBS. Immunoperoxidase detection was performed using avidin-biotin-complex method with aminoethylcarbizole as the red chromogen. Polyclonal anti-von Willebrand factor (Sigma Chemical Co.) was used to identify retinal vessels. Negative control substituted rabbit nonimmune IgG for the primary Ab.
Northern blot analysis. Total RNA samples were isolated from cells using acid guanidinium thiocyanate-phenol-chloroform-extraction method (25) and subjected to Northern blot analysis as described previously. Radioactive PSF and TGF-β cDNA probes (9, 26) were generated using Amersham Multiprime labeling kits and 32 P-dCTP (NEN Life Science Products, Boston, Massachusetts, USA). Quantitation of Northern blots was performed using a computing PhosphorImager with ImageQuant software analysis (Molecular Dynamics, Sunnyvale, California, USA). Lane-loading differences were normalized by rehybridization with radiolabeled 36B4 cDNA probe (27) .
Transfection and preparation of pericyte-conditioned media. A phosphorothioate-modified antisense oligodeoxynucleotide (5′-AGG AGC AGG GCG CGC AGC GA-3′) directed against PSF base pairs 35-54 from transcription start site, its sense control (5′-TC GCT GCG CGC CCT GCT CCT-3′), and a randomized, equal-length oligodeoxynucleotide were commercially synthesized (Oligos, Etc., Wilsonville, Oregon, USA). The day before transfection, pericytes were seeded in six multiwell plates in normal growth medium. The day of transfection, subconfluent pericytes were washed with fresh DMEM and transfected with 0.5 µM oligodeoxynucleotide using Lipofectamine reagent (Life Technologies Inc.) as instructed by the manufacturer. After 6 hours, medium was changed to fresh DMEM without serum. Twenty-four hours after initial transfection, supernatants were collected and subjected to Western blot analysis or intravitreal injection. For intravitreal injection or use as conditioned media, samples were concentrated 25-fold, using a centrifugal filter device (Millipore, Bedford, Massachusetts, USA) with a 10,000-MW cutoff.
Western blot analysis. Equal volumes of conditioned media were subjected to 15% SDS-PAGE, and proteins were transferred to nitrocellulose filters (BioRad, Hercules, California, USA). The blots were incubated with primary Ab's followed by horseradish peroxidase-conjugated secondary Ab (Amersham Corp). Visualization was performed using Amersham enhanced chemiluminescence (ECL) detection system per the manufacturer's instructions.
Measurement of PGI2 synthesis. Concentration of the stable metabolite of prostacyclin, 6-keto-prostaglandin F1 α (6-keto-PGF1α), in the conditioned media was measured by radioimmunoassay (Amersham Corp.) per the manufacturer's instructions.
Intravitreal injection of PGI2. PGI2 (Sigma Chemical Co.) was dissolved in 100% ethanol and then diluted in saline containing 2.5% Emulphor, resulting in 10 µM PGI2 stock (0.3% ethanol). PGI2 stock (10 µL) was injected intravitreally (1 µM final concentration) and retinal hemodynamic parameters were measured.
Oxygen-induced retinopathy in the neonatal mouse. Oxygeninduced retinopathy was elicited in neonatal mice by standard techniques (28, 29) . Retinal neovascularization similar to proliferative diabetic retinopathy developed in 100% of the animals by postnatal day 17 (P17).
Retinal hemodynamic studies. The video fluorescein angiography (VFA) system used for these studies has been described previously (30) (31) (32) (33) (34) (35) . Retinal segmental mean circulation time (MCT) and RBF for each rat was derived as described previously (30) (31) (32) (33) (34) (35) (36) (37) (38) .
Animals. Male Sprague-Dawley rats (Taconic Farms, Germantown, New York, USA) weighing approximately 250 g were cared for in accordance with the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research. Diabetes was induced by intraperitoneal injection of streptozotocin (STZ; Sigma Chemical Co.) at 65 mg/kg body weight in 10 mM citrate buffer, pH 4.5, after a 12-hour fast. Diabetes was confirmed with blood glucose measurements 24 hours after STZ injection. The rats were housed under standard conditions with one rat per cage with free access to water and food. Blood glucose levels and body weights were monitored every other day. Blood glucose levels did not exceed 400 mg/dL in the diabetic animals, and all diabetic rats gained weight.
Immediately before VFA measurements, each rat was anesthetized with 0.1 mg/kg sodium amobarbital (Lilly Research Laboratories, Indianapolis, Indiana, USA) injected intraperitoneally, and the pupil of the left eye was dilated using 1% tropicamide (Mydriacyl; Alcon, Fort Worth, Texas, USA). Base-line angiograms (5-µL bolus of fluorescein dye) were recorded from each rat. Rats then underwent an intravitreal injection and repeat angiograms, as indicated. Intravitreal injections were performed as described previously (39) .
Statistical analysis. All experiments were repeated at least three times with similar findings, and results are expressed as mean plus or minus SD unless otherwise noted. The unpaired t test was used for single comparisons of groups with equal variance and normal distribution. The Mann-Whitney test was used if the groups were of unequal variance or non-normal distribution. ANOVA with Tukey's test was used for multiple comparisons of data with equal variance and normal distribution, whereas ANOVA with Dunnett's method of multiple-group comparison was used for data of unequal variance or non-normal distribution. A P value of less than 0.05 was considered statistically significant.
Figure 1
Retinal cells express PSF mRNA in vitro. Confluent cultures of bovine microvascular RECs, RPCs, RPEs, AECs, and ASMCs were evaluated for PSF mRNA expression by Northern blot analysis using a randomprimed PSF cDNA probe (a). Northern blots were stripped and reprobed with control 36B4 cDNA as a lane-loading control. Quantitation of multiple experiments after normalization to the 36B4 control signal is also presented (b). A P < 0.001. were studied as nonretinal controls. PSF mRNA was expressed in all cell types. Expression was highest in RPCs, being 4.6-fold greater than in ASMCs (P < 0.001) and 3.1-to 6.5-fold greater than in AECs and RECs, respectively (P = 0.001).
Immunohistochemistry was performed on 3-µm-thick paraffin-embedded serial sections of rat retina ( PSF mediation by factors implicated in the pathogenesis of diabetic retinopathy. Since advancing diabetic retinopathy is characterized by retinal blood-flow abnormalities, we evaluated whether factors classically associated with worsening retinopathy affected PSF expression. Twenty-four hour exposure of RECs to TGF-β (1 ng/mL), VEGF (25 ng/mL), bFGF (10 ng/mL) or hypoxia (0.5% O 2 , 5% CO 2 , 94.5% N 2 ) increased PSF protein expression 5.3-fold (P < 0.001), 2.6-fold (P = 0.004), 3.3-fold (P = 0.003), and twofold (P = 0.018), respectively ( Figure 3a) . Figure 3b demonstrates the time course of hypoxia's effect on PSF expression for all cells isolated at the same time after initial plating (open bars) and for all cells placed in hypoxic conditions at the same time, but assayed sequentially thereafter (filled bars). In cells isolated at the same time after initial plating, increases in PSF expression were evident after 12 hours, with increases of 8%, 18%, 27%, and 58% after 4, 12, 24, and 48 hours of hypoxia, respectively. For cells assayed sequentially, PSF expression was greater, with increases of 11%, 83%, 223%, and 373%, respectively. These data suggested that greater cell confluence over the duration of the experiment might result in increased PSF expression.
PSF mRNA expression by RECs was evaluated at 80% confluency and at 0, 1, 3, and 5 days after confluency (Figure 4a ). PSF expression increased 6%, 67%, 125%, and 86% after 0, 1, 3, and 5 days of confluency, respectively (P < 0.012). Increased PSF expression correlated with enhanced TGF-β mRNA expression in the same cells, which increased 35%, 80%, 70%, and 70%, respectively.
To assess if this effect was due primarily to cessation of cellular growth, PSF mRNA expression in RECs was assessed after 24-hour exposure to serum starvation (Figure 4b ). PSF mRNA expression was inhibited by serum starvation with decreases of 16%, 30%, 43%, and 81% in 10% calf serum (CS), 3% CS, 1% CS, and 0.1% BSA, respectively, as compared with 20% CS (P < 0.001). Decreased PSF expression correlated with reduced TGF-β mRNA expression in the same cells, which declined 5%, 16%, 34%, and 52%, respectively. Thus, the increase in PSF expression observed with confluency did not appear to be mediated primarily by cessation of cellular growth or serum depletion, but perhaps was more closely related to TGF-β expression.
TGF-β increased REC PSF mRNA expression in a time-and dose-dependent manner ( Figure 5, a and b) . Statistically significant increases in PSF mRNA expression were initially observed after 4 hours of exposure to 1 ng/mL TGF-β and were still increasing even after 24 hours. PSF mRNA expression was increased 2%, 29%, 107%, and 245% after 1, 4, 10, and 24 hours of exposure to TGF-β, respectively. After 16 hours of exposure, statistically significant increases in PSF
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The mRNA expression were initially evident at a concentration of 0.03 ng/mL TGF-β and were maximal at 1 ng/mL. PSF mRNA expression was increased 32%, 74%, 126%, 178%, and 174% by 0.03, 0.1, 0.3, 1.0, and 3.0 ng/mL TGF-β, respectively. In addition, TGF-β (1 ng/mL) increased its own expression in RECs by 35%, 80%, 152%, and 120% after 1, 4, 10, and 24 hours, respectively (Figure 5c ; P < 0.011).
Since PKC activation in the retina is an early finding in diabetes associated with decreased RBF, we assessed the effect of PKC activation using PMA in RECs (Figure 6 ). PMA (100 nM) exposure decreased PSF expression by 35% and 53%, after 10 and 24 hours, respectively (P < 0.009). Figure 7 presents the effect of glucose concentration on PSF protein expression. RECs were cultured for 5 days in 5.5 or 22 mM glucose or 5.5 mM glucose plus 16.5 mM mannitol as an osmotic control. High glucose reduced PSF protein expression 38% and 23%, compared with normal glucose (P = 0.004) or osmotic control conditions (P = 0.023).
Retinal PSF expression in vivo is altered by diabetes and correlates with TGF-β expression and retinal neovascularization.
Since changes in PSF expression could theoretically mediate alterations in RBF (1-3) through its effect on PGI2, we evaluated the expression of PSF and TGF-β mRNA in the retina of control and STZ-induced diabetic rats of 2, 4, and 8 weeks' duration. In these animals, RBF is decreased 38.9% (n = 24, P = 0.007) after 2 weeks, 23.9% (n = 22, P = 0.015) after 4 weeks (40), and increased 57.6% (n = 15, P = 0.005) after 12 weeks of diabetes. As demonstrated in Figure 8a , PSF mRNA expression in diabetic rat retina was 32% lower than in control animals after 2 weeks of diabetes (P = 0.002), not significantly different after 4 weeks of diabetes, and increased 82% compared with control after 8 weeks of diabetes (P = 0.035). This change resulted primarily from a suppression of the gradual decline in retinal PSF expression present in control animals over the 8-week period (P = 0.003).
To determine whether TGF-β expression might be mediating this effect, we evaluated retinal TGF-β mRNA expression in the same animals ( Figure 8b ). Although TGF-β expression tended to be higher in diabetic animals with increasing duration of diabetes, this change was not statistically significant until after 8 weeks of diabetes. After 8 weeks of diabetes, retinal TGF-β expression was 56% higher in diabetic than in nondiabetic animals (P < 0.001). TGF-β expression in nondiabetic animals did not change significantly over the 8-week period. Since VEGF can increase PSF expression (Figure 3) , we evaluated retinal VEGF expression in these same animals. Although VEGF expression in diabetic retinas tended to increase over time, this finding was not statistically significant (data not shown).
To determine if retinal PSF mRNA expression might correlate with proliferative retinopathy where RBF is substantially increased (2, 41, 42 ), a well-described murine model of oxygen-induced retinal proliferation was employed (28) . In this model, retinas become hypoxic at postnatal day 12 (P12), and retinal neovascularization developed in 100% of animals over P13-P17. Neovascularization regresses gradually after P20. Figure 9 demonstrates retinal PSF mRNA expression in these animals and their littermate controls. All lanes were loaded equally, as assessed by 18S rRNA signal. PSF expression increased during the period of neovascularization. PSF expression was maximal at P17, the same time when maximal retinal neovascularization is observed. Slight increases in PSF expression appeared within 6 hours of when retinas became hypoxic. PSF expression returned to control levels by P25, when neovascular regression is well established. Hyperoxia did not alter PSF mRNA expression significantly (P7-6H, P8H, and P12-0H lanes in Figure 9a) .
Evaluation of PSF bioactivity. PSF stimulates production of PGI2, which is rapidly converted to the stable metabolite 6-keto-PGF1α. To determine if retinal cells synthesized PGI2, the concentration of 6-keto-PGF1α was measured in media conditioned for 24 hours by RECs and RPCs (Figure 10a TGF-β increases PSF mRNA expression in a time-and dose-dependent manner. RECs were exposed to either 1 ng/mL TGF-β for the times indicated (a and c) or for 16 hours to the concentrations of TGF-β indicated (b). RNA was isolated and Northern blot analysis was performed. Representative Northern blot analysis (top) and quantitation from multiple experiments after normalization to 36B4 control signal (bottom) are presented. A P < 0.011; B P < 0.001.
Figure 6
PMA decreases PSF mRNA expression in RECs. RECs were exposed to 100 nM PMA for the times indicated in the figure, after which RNA was isolated and Northern blot analysis performed. Representative Northern blot analysis (top) and quantitation from multiple experiments after normalization to 36B4 control signal (bottom) are presented. A P < 0.009.
absence of cells did not contain detectable concentrations of 6-keto-PGF1α, whereas media conditioned by RPCs and RECs for 24 hours contained significantly elevated 6-keto-PGF1α concentrations (P < 0.001).
Bioactive recombinant PSF protein does not yet exist, and purified PSF protein is not available in sufficient quantity to evaluate. Thus, to determine if this PGI2 synthesis was mediated by PSF, we used an antisense phosphorothioate oligodeoxynucleotide (ODN). Transfection of RPCs with the antisense PSF ODN reduced PSF protein expression by 72% (P < 0.001), an effect not observed using either sense or randomized ODNs as controls (Figure 10b ). The specific ability of RPC-secreted PSF to induced PGI2 expression by RECs was evaluated by transfecting RPCs with the PSF antisense or sense ODN before using them to condition media (Figure 10c ). Conditioned media were concentrated through a 10,000-MW cutoff centrifugation filter that retains PSF (31 kDa), but not PIG2 or the ODN. RECs were then exposed for 1 hour to the RPC-conditioned media, and PGF1α accumulation in the media was measured. Media alone (media) contained little PGI2. RPC-conditioned media that was subjected to the same collection and concentration procedures as the remaining experiments, but that was not exposed to RECs (ctl), had the same low level of PGI2, demonstrating that essentially all RPC-produced PGI2 was removed by the concentration process. Media that was conditioned in the absence of RPCs and then added to RECs (nonconditioned media [NCM]) showed a 4.5-fold accumulation of PGI2 (P < 0.001), consistent with basal REC-PGI2 synthesis. Media conditioned by RPCs in the presence of PSF sense (S) or randomized (R) ODN further increased REC PGF1α production by more than fourfold (P < 0.003), consistent with PSF-like activity in the RPC-conditioned media. However, media conditioned in the presence of PSF antisense ODN-treated (AS-treated) RPCs resulted in REC-PGI2 expression that was 75% less than with randomized ODN (P = 0.002), 71% less than sense ODN (P = 0.006), and was only marginally increased (30%, P = 0.062) as compared with NCM. These data suggest that PSF in RPC-conditioned media mediates the majority of its PGI2−stimulating activity in REC.
PSF alters retinal hemodynamics in vivo. PGI2 is vasodilatory in nonocular tissues in vivo (43) and might therefore increase retinal blood flow. PGI2 (10 -6 M final) was injected intravitreally and MCT and RBF were measured using video fluorescein angiography in nondiabetic and diabetic rats (Figure 11 ). After 20 minutes, the time at which a maximal retinal response was noted, PGI2 decreased MCT and increased RBF by 27% and 53% in control animals (P < 0.021) and 22% and 42% in diabetic animals (P < 0.07), respectively. MCT and RBF returned to base line within 40 minutes. Injection of vehicle alone did not alter MCT or RBF. PGI2 injection was associated with a tendency for dilation of the major arteries (5.9-6.1 pixels, P = 0.22) and a more marked dilation of the major veins, especially in diabetic animals (control: 7.2-7.5 pixels, P = 0.06; diabetic: 6.8-7.3 pixels, P = 0.027).
To determine whether PSF secreted by retinal cells could induce changes in retinal hemodynamics, media were conditioned for 24 hours by RPCs, either in the presence of PSF sense or antisense ODN. Media were concentrated 25-fold, and 10 µL was injected intravitreally in the rat (2.1-fold effective final concentration). MCT and RBF were measured after the times indicated in Figure 12 . Media conditioned in the presence of PSF antisense ODN resulted in increases in control animals of 56% (P = 0.012), 114% (P < 0.001), and 53% (P = 0.022) in MCT after 30, 40, and 50 minutes, respectively, as compared with media conditioned with sense control (Figure 12a ). In diabetic animals MCT increased 86% (P = 0.002) and 77% (P = 0.023) after 30 and 45 minutes, respectively. Media conditioned with PSF sense ODN did not significantly decrease MCT, except in diabetic animals at 30 minutes (25%, P = 0.037). Concomitantly, RBF was decreased 40% (P = 0.009), 54% (P < 0.001), and 37% (P = 0.027) as compared with sense control after 30, 40, and 50 minutes in control animals, respectively (Figure 12b ). In diabetic ani-
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Figure 7
High glucose concentrations reduce PSF protein expression. RECs were cultured for 5 days in media containing glucose or mannitol (osmotic control) as indicated. Representative Western blot analysis is presented (top) as is quantitation from three experiments (bottom).
mals RBF was reduced 52% (P < 0.001) and 47% (P = 0.013) after 30 and 45 minutes, respectively. Media conditioned with PSF sense ODN tended to increase RBF, but this was only significant at 40 minutes (25%, P = 0.037) in control animals and in diabetic animals (30 minutes: 41%, P = 0.045; 45 minutes: 21%, P = 0.045). PSF antisense-conditioned media resulted in increases of 60% (P = 0.036), 99% (P < 0.001), and 73% (P = 0.032) in MCT and decreases of 48% (P = 0.044), 55% (P = 0.021), and 47% (P = 0.070) in RBF after 30, 40, and 50 minutes, respectively, as compared with base line (0 minutes). Diabetic animals showed a similar tendency with a statistically significant RBF reduction of 19% at 30 minutes (P = 0.029). Both arterial and venous diameters were increased by media conditioned in the presence of PSF sense control and decreased by media conditioned with PSF antisense ODN at all time points, although these changes reached statistical significance only for arterial diameters in diabetic animals (30 minutes: 6.0-5.6 pixels, P < 0.001; 45 minutes: 6.0-5.7 pixels, P = 0.013).
Discussion
PSF is a recently purified protein that acts on vascular endothelial cells to stimulate the synthesis of prostacyclin (PGI2) (2). However, little is known regarding the role of PSF in the diabetic and normal retina. Our data strongly suggest that PSF may play a significant role in mediating diabetes-associated hemodynamic alterations in the retina. The presence of PSF in the retina is supported by several findings in this study. Immunoreactive PSF is detected in the in vivo retina, apparently primarily localized to the vasculature. PSF mRNA is readily detectable from total retina both in rats and neonatal mice. PSF mRNA and protein are expressed in numerous ocular cell types in vitro at levels comparable to those observed in AECs and SMCs (4, 5, (7) (8) (9) (10) (11) . We demonstrate that the constitutive expression in retinal microvascular pericytes is greater than threefold high- The ability of PSF in RPC-conditioned media to increase REC PGI2 production. RPCs were transfected with PSF antisense (AS), sense (S), or random (R) ODN before using them to condition media. RPC-conditioned media were concentrated through a 10,000-MW cutoff centrifugation filter that retains PSF but not PIG2 or the ODN. RECs were then exposed for 1 hour to the RPC-conditioned media and PGF1α accumulation in the media measured. Basal media alone (media), media conditioned by RPCs but not exposed to RECs (ctl), and RECs exposed to media conditioned in the absence of RPCs (NCM) were evaluated as controls. A P < 0.001.
er than in the other retinal cells tested. Pericyte loss is a characteristic early finding in diabetic retinopathy (44) (45) (46) , suggesting that pericyte loss might reduce PSF, resulting in decreased PGI2, relative vasoconstriction, and decreased RBF as characteristically observed with early diabetes in humans (1, 2) and rats (30) (31) (32) . However, this effect would be dependent upon the time course of pericyte loss and, since RECs also express PSF, the relative autocrine and paracrine contribution cannot be fully determined from these studies.
The bioactivity of PSF expressed by retinal cells is supported by several findings. RPC-conditioned media increase PGI2 expression by RECs. Furthermore, induction of PGI2 expression in RECs by RPC-conditioned media is inhibited by treatment of RPCs with a PSF-specific antisense phosporothioate ODN that effectively suppresses PSF protein expression. In contrast, PGI2 expression is not inhibited by sense or randomized ODNs that have no effect on PSF protein expression. We used the antisense approach since bioactive recombinant PSF is not currently available to test directly its action on retinal cells. Conditioned media contains many possible bioactive factors. The difference observed between antisense and sense/randomized ODN-conditioned media theoretically should reflect only the effect of inhibiting the expression of PSF; however, a possible effect of the antisense ODN on factors other than PSF that subsequently mediate the response cannot be completely ruled out by this approach.
PSF bioactivity is also suggested by the in vivo retinal response to retinal cell-conditioned media. As expected, direct stimulation of the retina with PGI2 induced vasodilation, decreased MCT, and increased RBF. Similarly, retinal cell-conditioned media without PSF inhibition tended to decrease MCT and increase RBF while increasing vasodilation. This was especially evident in diabetic animals where statistical significance was observed for arterial diameters, MCT, and RBF. The relatively small magnitude of this effect in nondiabetic animals could result from either near-maximal vasodilatory activity in vivo at base line or from inhibitory/vasoconstrictive factors counteracting PSF activity in the conditioned media. In addition, the video fluorescein angiography technique does not detect small-diameter changes in major retinal vessels, nor does it evaluate smaller-caliber retinal vessels that are thought to mediate the majority of blood flow control. In contrast, media conditioned with PSF antisense ODN resulted in a marked increase in MCT, decrease in RBF, and a tendency for vascular constriction. These data suggest that PSF might be counteracting inhibitory/vasoconstrictive factors in the conditioned media which, when PSF expression is inhibited, are free to act unopposed. As discussed earlier, however, there are caveats with regard to the use of conditioned media in the absence of more specific agonists and antagonists.
The retinal hemodynamic effects of PSF are probably mediated in part through the vasodilatory effects of PGI2 (19;20) . Increased PSF activity would be expected to increase PGI2, induce vasodilation, decrease MCT, and increase RBF. In all experiments, both arterial and venous vessel-diameter changes were consistent with expected results. In diabetic animals, the arterial changes were marked (P < 0.001). However, in nondiabetic animals the magnitude of the change was small. The limitations in measuring small-diameter changes in the major retinal vessels using the dye-dilution technique has been discussed in detail in previous publications (31) . In addition, large-diameter changes in major retinal vessels are not required because the microvasculature is the primary site of RBF regulation and quantitative measurements from these vessels are not possible with the current resolution capabilities of this technique. Several additional findings suggest that PSF may play a significant role in mediating retinal vascular function in diabetes. In vitro PSF protein expression was increased in retinal cells by factors such as TGF-β, VEGF, bFGF, and hypoxia. The association of these factors with advancing diabetic retinopathy has been well established (29, (47) (48) (49) (50) (51) (52) . Increasing cellular confluency also resulted in significantly increased PSF expression, possibly mediated, at least in part, by TGF-β. This suggests that maturation of neovascularization characteristic of advanced retinopathy might increase PSF expression and partially account for increases in RBF observed at this stage of retinopathy. This hypothesis is consistent with the time course of PSF mRNA expression observed in the neonatal mouse retina where PSF expression peaked as retinal neovascularization became maximal (P17).
Further association of PSF and retinal hemodynamics is observed in the rat retina where PSF mRNA expression is higher in animals with 8 weeks of diabetes than in age-matched nondiabetic controls. Conversely, after 2 weeks of diabetes, diabetic animals express less PSF mRNA than do their nondiabetic controls. Both of these findings are consistent with the changes in RBF characteristic of the diabetic animals at these stages (32) . Interestingly, this change primarily appears to be the result of a developmental reduction in PSF expression in nondiabetic rats that is not evident in the diabetic rats. It is unknown if this effect is mediated by secondary factors, such as weight gain. PSF expression may remain elevated in diabetic rats due to an increase in retinal TGF-β expression observed in the retina after 8 weeks of diabetes. TGF-β expression and activity is increased in diabetes and by hypoxia (49) . We also observed that TGF-β can further enhance its own expression. However, a causal relationship with TGF-β is not proven by these experiments. Retinal VEGF expression only increased minimally over the short course of these experiments, suggesting that VEGF is not a primary mediator of increased PSF expression in these early stages of retinopathy.
Overall, our data suggest that PSF may play an important role in mediating the changes in retinal hemodynamics characteristic of diabetic retinopathy. Diabetes in its early stages is associated with elevated serum glucose concentration, loss of retinal pericytes, and an increase in PKC activity, all of which may result in reduced PSF, decreased PGI2 production, increased resistance to flow associated with relative vasoconstriction, and decreased RBF. Retinal PKC/DAG activity is increased in the rat retina within 1-2 weeks of diabetes and maintained for several years (30;30;35;53) . Thus, the contribution of PKC may predominate early in diabetes, whereas other factors may account for later changes. RPCs have been reported to induce significant prostacyclin production in RECs (54) , and prostacyclin is the major prostaglandin synthesized by RPCs in culture (55) . Pericyte loss would reduce PGI2 concentrations due to declines in both PSF and PGI2 contributed by the pericytes themselves. However, with advancing diabetic retinopathy, TGF-β and retinal hypoxia increase. Retinal hypoxia leads to VEGF expression, TGF-β activation, and bFGF release, which further increases VEGF expression. All these factors increase PSF expression and PGI2 production, possibly leading to the vasodilation and increased RBF characteristic of advanced diabetic retinopathy. With maturation of the retinal neovascularization, further increases in RBF may be mediated by PSF expression in endothelial cells and recovering pericytes within these maturing vessels (56, 57) .
In summary, we observe that PSF is localized to the retinal vasculature in vivo and is expressed by numerous cell types including RECs and RPCs. PSF increases PGI2 production in RECs, which is vasodilatory and results in increased retinal blood flow in vivo. Retinal PSF expression is reduced during early diabetes and increased in more advanced diabetes compared with nondiabetic retinas. Furthermore, we demonstrate that PSF is tightly regulated by various factors associated with diabetic retinopathy, with decreased expression induced by factors predominating in early retinopathy, and increased expression associated with factors involved in advancing retinopathy. These results imply that PSF may serve an important role in the diabetic retina and suggest a mechanism to account for the biphasic RBF abnormalities classically associated with progressing diabetic retinopathy.
